Flies use so-called halteres to sense body rotation based on Coriolis forces for supporting equilibrium reflexes. Inspired by these halteres, a biomimetic gimbal-suspended gyroscope has been developed using microelectromechanical systems (MEMS) technology. Design rules for this type of gyroscope are derived, in which the haltere-inspired MEMS gyroscope is geared towards a large measurement bandwidth and a fast response, rather than towards a high responsivity. Measurements for the biomimetic gyroscope indicate a (drive mode) resonance frequency of about 550 Hz and a damping ratio of 0.9. Further, the theoretical performance of the fly's gyroscopic system and the developed MEMS haltere-based gyroscope is assessed and the potential of this MEMS gyroscope is discussed.
Introduction
In biology, insects regularly use mechanosensory mechanisms for measurement of physical quantities such as acceleration, flow and rotational rate [1] . For example, a cricket uses club-shaped (clavate) hairs to compensate head movement when it is rotated around its longitudinal axis [2] . In addition, bristle hairs are found on the cricket, which are shown to be sensitive to tactile stimuli. Furthermore, filiform hairs are present at the cricket's cerci for measurement of low-frequency airflows [3, 4] .
Another example of a biological sensory system that exploits a cylinder-like mechanical structure are the fly's halteres. Halteres are tiny club-shaped organs that beat in anti-phase to the wings during flight [5] , and function as gyroscopes 1 by measuring the flies body rotation using Coriolis forces [6] . The rotationdependent position of the haltere (figure 1) is measured in fields of sensitive strain receptors, campaniform sensilla [7] . It has been demonstrated that this haltere-based system is used for supporting equilibrium reflexes [8] [9] [10] [11] .
For measuring angular rate, numerous types of gyroscopes have been realized over the past years using MEMS technology, where current state-of-the-art MEMS gyroscopes show formidable performance in range, resolution and noise floor [12] [13] [14] [15] . MEMS gyroscopes are typically no haltere-based systems, are generally heavily underdamped 2 and operate at rather high frequencies. By contrast, the fly's haltere system is a close to critically damped system and operates around the fly's wing beat frequency (130-150 Hz) [9] . Obviously, the fly's haltere system has developed under evolutionary pressure and therefore addresses the sensory needs of the fly. As a result, not only the operation principle is different from those generally used in MEMS gyroscopes, but also the performance may score high on metrics other than generally used for MEMS gyroscopes. For example, bandwidth and response time may be far more essential for flies than (bias-)stability and noise floor, as the halteres have been proven to aid in flight dynamics of flies with fast (less than 10 ms) responses to flight disturbances [16] .
Previous research on bioinspired gyroscopic systems (using foils of stainless steel) shows advantages on using a haltere-based gyroscope by achieving a higher sensitivity and a lower power consumption compared with conventional MEMS gyroscopes [17, 18] . In addition, Tang et al. [19] and Challoner et al. [20] fabricated haltere-based gyroscopes using MEMS technology, although these devices had still macroscopic dimensions compared with the fly's haltere and were severely underdamped by operating them in vacuum. Wicaksono et al. [21] discuss the preliminary design and modelling of a bioinspired MEMS gyroscope with electrostatic driving and piezo-resistive read-out. Smith et al. [22] report on the design and fabrication of an MEMS haltere-like structure to use as a sensor in a micro-autonomous system.
In our work, we aim for the design, fabrication and optimization of a biomimetic gyroscope using MEMS technology and haltere-like dimensions. By doing so, we intend to investigate some of the intricacies of the working principle of the haltere system and assess its usability with respect to engineering applications by considering dimensions comparable to the fly's haltere.
Theory and modelling

Mechanics
The dynamics of the haltere-based gyroscope and common MEMS gyroscopes are similar, because both types consist of vibrating structures governed by two coupled second-order differential equations. The design of these gyroscopes is, in general, a two-dimensional isotropic, damped mass-spring system. To describe the haltere mechanics, we first define the force F acting on the haltere knob [23] :
whereÂdenotes the vector product, m is the mass of the knob, g is the gravitational acceleration, r i is the position of the knob with respect to the fly, a f is the linear acceleration of the fly in space and V is the angular rate. Six forces contribute to the total inertial force: gravitational (mg), primary (m € r), linear acceleration (ma f ), angular acceleration (m _ V Â r i ), centrifugal (mV Â (V Â r i )) and Coriolis (À2mV Â _ r i ). Now, we assume that linear accelerations are absent (a f ¼ 0), gravitational acceleration g is present only in the z-direction (the axial direction of the haltere), angular rates are applied only in the horizontal xy-plane (V x ¼ V y ¼ 0), the movement of the haltere is harmonic with frequency v and the angular rate V is harmonic with frequency n and amplitude V 0
Consequently, the force amplitude F for the x-and y-direction, because the z-direction is not of interest to us, is given by
where x 0 and y 0 denote the amplitudes in the x-and y-direction, respectively. Now, the coordinate system is changed into cylindrical coordinates, as shown in figure 2 . The system is continuously driven in a steady-state rotational motion in the drive mode with angle q. Any non-zero rotation-rate reorientation of the halteres' beating plane will induce Coriolis forces impeding on the sense mode, with the corresponding angle w proportional to the input angular rate V. By using the following relationships, the force acting on the haltere can be written as a torque T for small angle amplitudes q 0 and w 0 :
where L is the haltere length, J is the moment of inertia and h is a parameter depending on the precise geometry. Here, h ¼ 1 by considering the haltere knob as a point mass. As a result, the torque acting on the haltere becomeŝ
The torque T acts on the haltere, which is part of the isotropic gyroscopic mechanical system. The response of this system is rsif.royalsocietypublishing.org J. R. Soc. Interface 11: 20140573
described by a coupled second-order differential equation
where G(v, n) is given by
and C(v, n) denotes the coupling between the drive and sense mode owing to angular rates
In these expressions, the resonance frequency v 0 , damping ratio z and normalized driving torque T ext are defined as
where T 0 is the driving torque, 3 S is the torsional stiffness, R is the torsional resistance and J is the moment of inertia. Further, q 0 and w 0 are the amplitudes of respectively drive and sense mode. For constant angular rates (n ¼ 0), the second-order mechanical system reduces to
It follows from (2.6) and (2.10) that the exposure to an angular rate V clearly affects the system's behaviour; its resonance frequency is reduced by centrifugal forces, and torque contributions by angular Coriolis forces cause coupling between drive and sense mode. Although the reduction in resonance frequency by V 2 0 is typically negligible, the principle of a ratedependent resonance frequency can be used for gyroscopic measurement of large angular rates [24] .
Design rules
The governing equation of motion for the drive mode including its amplitude has already been stated in (2.6) . By driving the gyroscope by a harmonic torque, assuming that the angular rate V is small compared with the sensor's resonance frequency (V 0 ( v 0 ), and angular accelerations are small (n ( v), the drive-mode amplitude q 0 can be approximated well by
Generally, MEMS gyroscopes are driven at a frequency v equal to the gyroscope's resonance frequency v 0 in the case of underdamped systems. Then, the drive-mode amplitude can be simplified to
Based on the drive-mode motion, the normalized Coriolisinduced torque T c amplitude of the sense mode is given by
Using the system of equations of (2.6), the corresponding sense mode amplitude w 0 can be approximated as
(2:14)
Now, we define the ratio R between sense and drive-mode amplitudes, which is a measure for the system's responsivity. 4 Because Coriolis forces in general are small, a large R is desirable in order to measure correspondingly small angular rates V. The ratio R is defined as
where k is a design parameter, which is the reciprocal of the product of damping ratio z and resonance frequency v 0
However, in the case the gyroscope is critically damped or overdamped, the gyroscope should be operated below its resonance frequency v 0 . A suitable frequency of operation is when the damping term of (2.9) becomes equal to the stiffness-related term for small angular rates V, and the actuation frequency is chosen half this frequency
By operating the device in such a way, in both the drive and sense mode the factor 2z drops, but the expression for the Coriolis torque given by (2.13) remains unchanged. Therefore, by this analysis, the ratio of the drive and sense mode amplitudes of a gyroscope is equal for all classes of damping.
The performance of a gyroscope is also to be determined by its response time; besides a sensitive sensory system, also the ability to quickly respond to changes in angular rate V classifies the system. The corresponding response time t 95 -a measure for agility-is calculated from the second-order differential equation, describing the mechanical behaviour of the system in response to a torque step function. Here, we assume that the gyroscope is driven in steady state with frequency v, the coupling from sense to drive mode is negligible, and an angular rate V is applied stepwise (n ¼ 0). In that case, the governing equation for analysing transients in the sense mode becomes 18) where H(t) denotes the Heaviside step function. The general solution of this damped second-order system is
where F 1 and F 2 need to be derived from initial conditions and r 1 and r 2 are given by
which simplifies under the condition V 0 ( v 0 to
The general solution (2.19) is either real or complex. When the damping ratio z is equal or greater than one, the solution is real and the haltere moves without oscillations towards the point of torque equilibrium, dominated by the mathematical term that is responsible for slow changes (minus sign in (2.21)). When the damping ratio z becomes smaller than one, the square root term becomes imaginary and the haltere shows overshoot towards its equilibrium, leading to a longer if z . 1:
The best response time is obtained when z ¼ 0.707, corresponding to a close to critically damped system [26] . However, we observe that nearly all described gyroscopic systems shown in figure 3 are clearly underdamped.
Another consequence of the damping ratio is the impact on the measurement bandwidth Dv for a gyroscope. From (2.6), we observe that on applying an angular rate V with frequency n, a response is induced in the sense mode at frequencies v + n, which can be calculated analytically by using, for example, the method of harmonic balancing as described in [27] . To measure the response, the gyroscope needs sufficient bandwidth Dv Dv ! n:
Based on the definition of the quality factor Q, the bandwidth Dv for underdamped systems is found from the full width at half maximum
for which Dv depends inversely on the design parameter k, and we still assume that the angular rate V is small compared with the sensor's resonance frequency (V 0 ( v 0 ), and angular accelerations are small (n ( v). For overdamped systems, we assume that the system is driven below resonance, and the bandwidth is equal to the frequency of operation, defined in (2.17). Consequently, the bandwidth Dv becomes 25) Similar to the response time t 95 , a spline interpolation technique can be used to obtain Dv for all values of z. The sense/drive ratio, the response time and measurement bandwidth are all taken as a criterion for designing a gyroscope. However, these quantities exhibit a similar proportionality with respect to the design parameter k for underdamped gyroscopes
As a consequence, a trade-off exists between the sensitivity parameter R and the response time t 95 and bandwidth Dv (see also [38] ). Namely to have a good sensitivity R, a large k-value is required, but to obtain a fast and wide-band responding system, k should be small. For design and analysis, we capture this trade-off in a single number by defining a figure of merit, which is the product of sensitivity and bandwidth figure of merit ¼ sense=drive ratio Â bandwidth
(2:27)
An overview of several MEMS gyroscopic systems and the blowfly's haltere system [23] is shown in figure 3 by evaluating the figure of merit as a function of the damping ratio z. We observe that most MEMS gyroscopes are clearly designed with focus on achieving high responsivity at the cost of bandwidth. Especially, the gyroscopes described in [15, 39] show very low damping factors while having a resonance frequency at 2 kHz, being highly sensitive to angular rate, because the ultimate purpose of these two gyroscopes is angle measurement rather than angular rate measurement. Contrarily, the fly's haltere is clearly geared towards a large measurement bandwidth and a fast response. In addition, MEMS-based gyroscopes typically have operating frequencies which are 1 kHz or more, which is significantly higher than the 150 Hz of the blowfly [23] . Note that the figure of merit exhibits a clear decrease when having an overdamped system (z . 1), implying that vibratory gyroscopes should preferably be underdamped (z . 1).
Thermal noise
An important characteristic of a sensory system is its signalto-noise ratio (SNR). Generally, when the SNR is equal or higher than one, a system may enable the detection of the input signal. Hence, besides the responsivity of the sensor, the noise level of the system determines the fundamental detection threshold of the system. To find the detection threshold of our system, we assume a power spectral density Maenaka et al. [28] Tang et al. [29] Nalbach [23] Li et al. [30] Luo et al. [31] Xie and Fedder [13] Acar and Shkel [32] Alper and Akin [14] Zaman et al. [33] Degawa et al. [34] Trusov et al. [15] Prikhodko et al. [39] Yan et al. [35] Walther et al. [36] Droogendijk et al. [37] this work Figure 3 . given by Johnson -Nyquist (thermal) white noise [40] :
where k B is the Boltzmann's constant, T 0 is the ambient temperature and T 2 n is the square of the noise-induced equivalent torque per unit of bandwidth. The mechanical transfer function G(v) of the system determines the resulting mechanical response to the noise
The equivalent noise angle F n is found by integrating the noise power over the full spectrum and taking the square root
The detection threshold V th is found by dividing the sensor's equivalent noise angle F n by the rotational angle F m for an angular rate of 18 s
Thermal noise calculations for our haltere-based mechanical system indicate a detection threshold for angular rate sensing of about 0.0388 s 21 for frequencies within a bandwidth of 1 kHz.
Design
The design of the biomimetic gyroscope is based upon the fabrication process for biomimetic hair flow sensors described by Bruinink et al. [41] and Dagamseh et al. [42] to realize a haltere-based function. Our gyroscope will be actuated in the drive mode with angle q (figure 2) by exploiting electrostatic actuation. Electrostatic forces induced by judiciously chosen AC voltages bring the artificial haltere-like structure in a steady-state resonant rotational motion. Measurement of the Coriolis-induced movement of the artificial haltere-like structure in the sense direction with rotational angle w is achieved by measuring the differential change in capacitance upon tilt of the artificial haltere (figure 4). Although we reported on the design and fabrication of such a gyroscope earlier [37] , we implemented some important design adjustments here. The suspension of the haltere-based gyroscope is changed to a gimbal-suspension, such as the gyroscope described by Acar & Shkel [32] . In doing so, the effects of residual stress by having a bilayer suspension (i.e. SiRN and Al) can be significantly reduced. In addition, the drive and sense modes become mechanically distinguishable, allowing for a separate optimization of both modes. A schematic view of the two modes for our gimbal suspension is given in figure 5 . A disadvantage of such a gimbal design is the difficulty to achieve mode-matching (between drive and sense), which is often aimed for in MEMS gyroscopes to achieve better performance [43, 44] . However, for the biomimetic approach followed in this work, the quality factor Q of a gyroscope is relatively low, and consequently mode-matching plays a less pivotal role for the gyroscope's performance.
Fabrication
An overview of the design and the fabrication process for the biomimetic gyroscope is shown in figure 6a . The sensor is fabricated on a silicon-on-insulator wafer. Trenches are etched in the silicon device layer using deep reactive-ion etching. A layer of 200 nm stoichiometric Si 3 N 4 is used for covering and protecting the trenches. The device layer contains two electrodes, which are used for capacitive read-out of the acceleration-induced movement. On top of the Si 3 N 4 layer, a sacrificial layer of poly-silicon (1.5 mm) is deposited by low-pressure chemical vapour deposition. The sensor membrane and springs are constructed by depositing and patterning a 1 mm SiRN layer on top of the poly-silicon. Aluminium (80 nm) is sputtered on top of the membrane to create the electrodes for capacitive read-out. Our haltere-like structure is created by two layers of SU-8, to realize both the centre of mass towards the top of the haltere-like structure and a total haltere length of about 800 mm and an average diameter of about 80 mm. Finally, to release the membrane, the sacrificial poly-silicon layer is removed using XeF 2 etching. The fabrication results are shown by the SEM image in figure 6b.
Experimental
Set-up
To characterize the mechanical properties of the gyroscope, an experimental set-up based on laser Doppler vibrometry [45] is used ( figure 7) . To measure the rotational modes, we differentially applied a sinusoidal signal superposed to a DC-offset voltage (Delta Elektronika-Power Supply E 030-1) to a pair of electrodes.
Frequency response
The response for the drive mode (figure 5a) was measured by applying a chirp-voltage in push-pull configuration. The Owing to the overdamped nature of the system, the bandwidth of the drive mode is calculated by computing the intersection of the stiffness and damping contributing terms in (2.6) and is found to be 305 Hz. Further, we observe that there is a good agreement between the analytical model and the measured response for frequencies up to about 800 Hz. Similar measurements have been made for the sense mode (figure 5b). From figure 9 , the sense mode turns out to be slightly overdamped (z ¼ 1.1) with its resonance frequency found at approximately 300 Hz. Note that the peaks around this frequency are not owing to mechanical resonance, but are caused by limitations within the used laser Doppler vibrometry set-up. Owing to the over damping, the bandwidth of the sense mode is calculated by computing the intersection of the stiffness and damping contributing terms in (2.6) and is found to be 137 Hz. Further, we observe that there is a good agreement between the analytical model and the measured response for frequencies up to about 2 kHz.
Discussion
Fabrication
Regarding the fabrication process, the SEM image from the biomimetic gyroscope (figure 6b) shows that we have successfully fabricated artificial haltere-like structures with increased mass at the top. Optical measurements indicate that the haltere length is about 800 mm, and that the haltere-like structures have a slight negative tapering towards the membrane. This tapering results from the light intensity profile during exposure of the SU-8 as well as the twostep lithography process incorporated in the design. This 
Modal response
The measured resonance frequency for the drive mode was measured to be about 510 Hz with a damping ratio of z ¼ 0.9. Although this resonance frequency is slightly higher than the wing-beat frequency of the fly (130-150 Hz), it remains in the same order of magnitude. Similar results are obtained for the sense mode, wherein the resonance frequency was found to be about 300 Hz with a slightly overdamped system (z ¼ 1.1).
However, we observed that for both the measured drive and sense mode the response is a combination of modes, especially for higher excitation frequencies. Because every mode is expected to be about critically damped, it is difficult to identify each modal resonance frequency owing to the absence of clear resonance peaks and phase shifts. Theoretically, using capacitive differential read-out techniques, the contributions of the drive and vertical mode can be commonly rejected for measurement of the sense mode.
Biomimetic approach
A haltere-inspired gyroscope has been designed, fabricated and partially characterized. However, we were not able to experimentally demonstrate its response to externally applied angular rates using our in-house-built rate-table, electrostatic actuation of the drive mode, and capacitive read-out of the sense mode. With the current design and the maximum applicable angular rate using our rate table (rate amplitude of about 30008 s 21 at a frequency of 14 Hz), the calculated displacement of the membrane edges for capacitive read-out of the sense mode is in the order of nm, which corresponds to the measurement threshold of our read-out electronics [46] . The high damping ratio z for this type of gyroscope results in two difficulties for rate measurements. First, following (2.26) from our design analysis a trade-off exists between responsivity (ratio drive/sense mode), and bandwidth and response time. Clearly, a high damping ratio has a negative impact on the responsivity, thus requiring a relatively large drive angle amplitude for a given sense angle amplitude. In addition, when having a critically or overdamped electrostatically driven system, the driving can be considered quasi-statically (i.e. operating well below resonance). For a torsional electrostatic actuator, the maximum achievable drive angle q, while preventing pull-in 6 is [47] q ¼ 0:4404q 0 , with
where g m is the gap between the gimbal and the substrate, L drive is half the length of the gimbal in the drive direction and q 0 is the maximum mechanical angle at which the gimbal hits the lower substrate. To compare, when the system is underdamped and electrostatically driven at resonance, the gimbal's rotation is amplified by the system's quality factor (i.e. a dimensionless parameter that describes how underdamped the system is), resulting in a larger amplitude for the sense mode, but smaller bandwidth and increased response time. Generally, we believe that a working biomimetic gyroscope following the 'design rules' of a fly and the use of MEMS technology is difficult to achieve, but possible. However, this will require adaptation of the design and the fabrication process. For our gyroscope, in particular, the value of R needs to be increased in order to measure the applied angular rates. A possibility is the use of piezo-resistive sensing instead of capacitive read-out, as proposed by Wicaksono et al. [21] . In addition, improvement of the mechanical gimbal-suspension and the use of more compliant materials will help to increase R. One could also think of exchanging the technology of MEMS for another type of technology (e.g. three-dimensional printing) and investigate its potential for biomimetic gyroscopes.
Comparison with the fly's haltere
To compare the biomimetic gyroscope with the fly's haltere, several performance metrics of the fly's haltere are identified. First, the moment of inertia J is calculated based on the values given by Nalbach [23] , wherein the mass is considered as a point mass at distance r h from the axis of rotation. Considering the fly's haltere to be slightly underdamped (z ¼ 0.5), the resonance frequency f 0 , torsional stiffness and torsional damping can be calculated based on a natural frequency of 150 Hz [9] . From these parameters, performance metrics as response time and sense/drive ratio are calculated. An overview of all parameters and performance metrics with their values is shown in table 1. Also the values for the haltere-inspired gyroscope are listed, wherein most values are theoretical.
From table 1, nearly all values for the haltere-inspired MEMS gyroscope are on the same order as those of the fly's halteres. We observe that the haltere-based gyroscope is geared towards large bandwidth and short response time rather than achieving a high sense/drive ratio R, which is also exhibited by the figure of merit ( figure 3 ). Note that to achieve sufficient rotation in the sense mode the fly's halteres operate under large drive angles with amplitudes up to 858, whereas the maximum achievable drive amplitude for the MEMS gyroscope is only 0.58. As a consequence, the response in sense direction, which is linearly related to the drive amplitude, is significantly larger for the fly's haltere than for our MEMS counterpart. Furthermore, by having these large drive amplitudes, the fly is also able to measure angular rates for all three planes: roll, pitch and yaw [23] . The response time for the fly is theoretically calculated to be about 4.5 ms, which is in the order of the fly's latency (less than 5 ms) for making compensatory head movements [48] . Because this behavioural response latency includes the time, it takes the neck motor system to exert sufficient muscle power to move the head, the pure sensor delay at the level of the campaniform sensilla would clearly be shorter than 5 ms [49, 50] . Although thermal noise plays an important role in the flow-sensitive filiform hairs of crickets [51] , we do not believe that thermal noise matters for angular rate measurement. Hengstenberg [52] showed that below angular rates of 508 s 21 no body motion of the fly was observed in absence of visual clues. In addition, Hengstenberg showed that the fly is able to respond to angular step stimuli of up to 20008 s 21 , indicating that the fly tends to respond to large variations in angular rate V rather than to small angular rates. Additionally, the low sensitivity of the halteres for small angular rates is compensated for by the visual system processing optic flow [53] .
Conclusion
Inspired by the fly's haltere, a biomimetic gimbal-based gyroscope has been designed, fabricated and partially characterized. Design rules for gyroscopes were investigated and it was shown that the fly's halteres tend to emphasize a large measurement bandwidth and a fast response, rather than a high responsivity or low detection threshold, by having a relatively low-quality factor. Measurements on our haltere-inspired sensors indicate an excitable gyroscope with a (drive mode) resonance frequency of about 550 Hz and a damping ratio of 0.9. A response to externally applied angular rates is not demonstrated owing to the limited applied rotation rates and the very small induced sense mode amplitude, which is mainly caused by the structures being overdamped and the small achievable drive-mode amplitudes; our haltere-inspired gyroscope is physically limited to drive angles of about 0.58, which is much smaller than the fly's drive angles (up to 858). Future research focuses on testing the performance of artificial haltere-inspired sensors as a function of external rotations by, for example, improving the design or exploiting different technology. 
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